Agriculture is one of the key economic sectors that are most vulnerable to the impacts of climate change (Pearson et al., 2011) . Changes in (variability of) temperature, rainfall and the concentration of CO 2 in the atmosphere will directly affect crop and livestock productivity. Although farmers may be particularly knowledgeable in dealing with climate variability, the magnitude of climate change impacts on farming might turn out to go beyond anything that farmers have previously experienced . This means that adaptive actions are likely to be important to protect farmers' livelihoods from the impacts of unavoidable climate change.
INTRODUCTION
The term 'adaptation' refers to conscious adjustments in natural or human systems in response to actual or expected climate changes or its effects, with the aim for a positive outcome. The goal of adaptation is to moderate the harm or exploit the benefits associated with climate change impacts (IPCC, 2001) . Successful climate change adaptation hinges on the availability of effective adaptation strategies and the extent to which those strategies are adoptable (Howden et al., 2007) . Whether a farmer takes adaptive actions will depend on his willingness to adopt, as well as to the system's adaptive capacity (Howden et al., 2007; Crimp et al., 2010) . 'Adaptive capacity' refers to the ability or potential of a system to successfully respond to climate variability and change through behavioural, resource, and technological adjustments (Adger et al., 2007) . 'Willingness to adopt' is influenced by individual characteristics and perceptions about climate change impacts (Pannell et al., 2006) . Factors that cause deficiencies in either adaptive capacity or willingness to adopt are therefore potential sources of limits and barriers to achieving farm-scale climate change adaptation.
Limits to climate change adaptation are absolute thresholds that render adaptation ineffective as a response to climate change and are largely insurmountable (Adger et al., 2007) . Barriers to adaptation are obstacles that can be overcome with, for example, concerted effort, creative management, or changed thinking (Moser and Ekstrom, 2010) . Thus far, research on limits and barriers to agricultural adaptation has largely been singledisciplinary in nature, focusing on biophysical, financial, or social factors affecting adaptation (e.g. Bryant et al., 2000; Crimp et al., 2010; Sherwood and Huber, 2010) . Such single-disciplinary work cannot account for the wicked character of climate change adaptation problems. Furthermore, the current spread of climate change research across disciplines has resulted in varying definitions, resulting in communication challenges in multi-disciplinary adaptation research (Moser and Ekstrom, 2010) . To enable a coordinated response to the challenges that adaptation presents, interdisciplinary research is needed that builds on a common understanding of the issues considered (Kragt et al., 2013) . This paper responds to the challenge of aligning varying epistemologies and interpretations by developing a conceptual modelling framework that integrates the multiple dimensions of adaptation. This framework provides a model to improve our understanding of limits and barriers.
Existing frameworks to conceptualise adaptation may be based on asset-based approaches that map, for example, how farmers' productive, social and community assets influence livelihood strategies (e.g. Heltberg et al., 2009 ). An issue with asset-based frameworks is that they often fail to capture many of the processes and contextual factors that are important for adaptation to occur (Jones et al., 2010) . Other conceptual models may use the sustainable livelihood framework, which uses human, economic, social, physical and natural capital as indicators of people's ability to change (Le et al., 2012) . Such capitals-based approaches provide a good starting point to map limits and barriers but they may not readily capture intangible factors such as flexibility or innovation (Jones et al., 2010) .
The impetus for our work is the lack of a framework that integrates both biophysical and social sciences dimensions in understanding the barriers and limits to adaptation in an agri-environment context. While the framework developed in this study has similarities to other approaches, it aims to provide an interdisciplinary diagnostic tool specifically addressing limits and barriers to adaptation in agriculture, taking intangible assets and processes into account. As with all frameworks, we do not aim to capture the complete complexity of adaptation in agriculture, but rather provide an integrated tool that helps to facilitate coordination among researchers from natural and social science backgrounds, thereby offering a starting point for collaboration in identifying (existing and potential future) limits to adaptation, and work toward overcoming them.
METHOD
Based on information from the literature, we constructed a preliminary model that included the different conceptual limits and barriers to climate change adaptation in agriculture. This model was subsequently discussed with scientists from various disciplinary backgrounds: agronomists (7), economists (4), sociologists and anthropologists (9), human geographers (2), and climate change modellers (2). Expert consultations were conducted at a three day multi-disciplinary workshop 1 and in a series of semi-structured interviews between August-September 2011. The Southwest of Western Australia (SWWA) was chosen as a reference point to provide a geographic context to the discussions. Providing experts with a specific context enabled deeper discussions about what might cause limits and barriers to adaptation. The SWWA was chosen because it is one of Australia's major crop producing regions. 
ELEMENTS OF AGRICULTURAL ADAPTATION

Adaptation strategies
Adaptive capacity and willingness to adapt
Adaptive capacity in a farming context can be defined as the ability of a farming business to adjust to climate change (including climate variability and extremes) to moderate potential damages, to take advantage of opportunities, or to cope with the consequences (IPCC, 2001) Several studies have addressed adaptive capacity in agriculture (e.g. Sherwood and Huber, 2010) , but only a few empirical studies have investigated limits and barriers to adaptation (e.g. O'Brien et al., 2006; Bryan et al., 2009 ).
In agriculture, a range of factors will affect adaptive capacity, including biophysical constraints, commodity prices, financial markets, available technology, social networks, and institutional support (Antle and Capalbo, 2010) . Adaptive capacity will require individuals and institutions to have the capacity to re-organise, sufficient human and social capital to learn, and adequate, readily available information . Other factors that have been found to influence adaptation at the farm level include wealth, extension services, access to credit, access to fertile land, information on climate change, and government support programs (Bryan et al., 2009) . Adaptive capacity at a community level depends on individuals' and organizations' ability to foster learning, willingness to learn from mistakes, engagement in collaborative decision-making arrangements, and encouragement of institutional diversity (Armitage, 2005) Adaptation is further influenced by a farmer's willingness to adopt new strategies. Unless a farmer perceives a benefit from adoption, he will not adapt. One can draw on the large body of evidence from the rural innovation adoption literature to learn about climate change adaptation (e.g. Feder and Umali, 1993; Pannell et al., 2006; D'Emden et al., 2008) . Some of the general factors identified to affect farmers' adoption processes include cognitive variables, values and goals, attitudes and beliefs, and perceptions about the costs, benefits and risks associated with innovations. Distinct challenges associated with climate change that are not fully addressed in the innovation adoption literature include the uncertainty associated with climate change-natural weather variability and the gradual nature of climate change make structural changes difficult to perceive. Therefore, cognitive variables may play a more prominent role in climate change adaptation compared to more general rural innovation adoption (Grothmann and Patt 2005) .
Limits and barriers
Research on limits and barriers to climate change adaptation exists in, e.g., biological sciences, agronomy, economics, sociology, psychology, and urban planning (e.g. Grothmann and Patt, 2005; O'Brien et al., 2006; Adger et al., 2009; Crimp et al., 2010; Moser and Ekstrom, 2010; Sherwood and Huber, 2010) . The main factors that were found to shape limits and barriers to adaptation are described below.
Kragt et al., An interdisciplinary framework of limits and barriers to agricultural climate change adaptation Biophysical factors relate to the agro-climatic conditions on the farm and the physiological characteristics of crops and livestock (such as heat tolerance). These can create absolute limits if the farming system cannot adapt beyond certain biophysical or climatic thresholds. For example, crop production will not be possible once a certain temperature or precipitation is reached; extreme weather events that cause flood levels to overtop levees; or increased temperature that lead to insect outbreaks (Pittock and Jones, 2000) . Other biophysical factors may present barriers that can be overcome with (e.g.) technological changes and related shifts in resources, land uses and management. For example, increased soil acidity and soil salinity can be addressed by establishing woody perennials and lime application (Pannell et al., 2006) , but these adaptations may require costly changes to farm management.
Barriers to adaptation may also arise from social factors, such as the perceptions, values, and norms found 'within society' (Adger et al., 2009) . Social barriers to agricultural adaptation broadly arise from: (i) a farmer's personal characteristics, (ii) the socio-institutional context within which the farmer acts, and (iii) the farming system upon which the farmer is acting (Moser and Ekstrom, 2010) .
A farmer's personal characteristics include his perceptions of risk; values and goals; and attitudes and beliefs. These can influence his perceptions about the viability of new strategies, and therefore present a barrier to his willingness to adopt. Farmers' knowledge can also act as a barrier by restricting adaptive capacity and, consequently, adaptive behaviour (Howden et al., 2007; Adger et al., 2009 ).
The institutional context within which a farmer acts can restrict a farm's adaptive capacity directly through rules and regulations, or increase capacity by providing support for adopting certain adaptation strategies (Smit and Skinner, 2002) . Institutions, and meso-scale social interactions, are also important sources of farmer knowledge. Social interactions between the farmer and members of his family, as well as interactions with peers, advisors, and others, can influence a farmer's perceptions of the feasibility and/or desirability of different adaptive actions. If different sources convey varying or conflicting information, such interactions may produce barriers to adoption by changing a farmer's (personal) perception of uncertainty and the risks associated with (non-)adoption (Pannell et al., 2006) .
Any innovation adoption, be it related to climate change or some other change, will invariably involve certain costs. Economic limits arise when an adaptation technology is not readily available (i.e. expensive to adopt) or if the relative costs to gather information on adaptation are high. Other economic limits are associated with the prices and other benefits produced by the technology, and the risks associated with its use. Weighing all the cost and benefits of investing in adaptation requires (a) information about all the (financial and non-financial) costs and benefits associated with the adaptation strategy; and (b) an understanding about the likely consequences of climate change (the counterfactual). Perceptions about costs and benefits of different adaptation strategies will depend on farmer's personal characteristics. Therefore, farmers' personal characteristics will determine to what extent economic factors impose an actual limit to adaptation.
Finally, technological factors can place a direct limit on adaptation by delineating the range of adaptation strategies available to farmers, since farmers can only adapt to climate change using tools that have already been developed. These technological factors interact with the biophysical, economic and social factors described above. For example, there currently are few technologies that can overcome the biophysical constraint of limited water availability. While more drought-tolerant crops are being developed, the state of current technology will place indirect limits on adaptive activity. As another example, certain technologies may exist but may not be widely accepted from a social perspective, limiting their adoption.
RESULTS AND FINDINGS
Our work aims to integrate existing, but disparate, knowledge about limits and barriers to agricultural climate change adaptation, into an interdisciplinary system of understanding. Different disciplines were found to have varying understandings of the biophysical, economic, social, and technical factors that may play a role in the adaptation process. Our final conceptual model (Figure 1 ) presents a compromise that reconciles these different perceptions, and can thus help to overcome the epistemological challenges invariably associated with interdisciplinary research (Kragt et al., 2013 ).
In our model, available adaptation strategies pass through an adaptive capacity 'filter' to yield a range of strategies that are perceived as viable by the farmer. These are then filtered by the individuals' willingness to adopt, resulting in strategies that a farmer may actually consider. There may be situations where adaptive capacity and willingness to adopt interact: farmers have the capacity to adapt but be unwilling to do so. This interaction is accounted for in the model by including feedback loops between willingness and capacity. Other epistemological challenges arose from the use of the term 'economic limits'. While economists tended to incorporate tangible and intangible values in their understanding of economic limits (i.e. market and nonmarket costs and benefits), agronomists typically focussed directly on financial impacts (profitability). Not all consulted experts were comfortable with the term 'economic limits' because of its strong financial connotations. In particular, some social scientist suggested that farmers' decision making will extend beyond 'economic welfare maximisation' (even though economists typically include both financial and non-financial costs and benefits in their definition of welfare). Future interdisciplinary research needs to be aware of the varying understandings of 'economic welfare' and it is suggested that all terminologies are carefully described to ensure that researchers from different disciplinary backgrounds share the same understanding of what is meant.
Experts agreed that external fluctuations in commodity markets (i.e. changes in the costs of inputs or prices of outputs) can create (or remove) market barriers to adaptation. For example, higher wheat prices can increase farm financial capital which can increase a farmer's perceived adaptive capacity. The extent to which price changes restrict willingness to adopt is influenced by individual characteristics such as risk perception, values and goals, and attitudes and beliefs. These characteristics are marked by their dynamic nature, and will vary with farmers' personal traits (such as age, education and experiences). Individual characteristics are also likely to be influenced by other people (including family members, respected peers, and agricultural consultants), social norms, and institutions.
Experts displayed a range of views when asked about the importance of uncertainty as a barrier to adaptation, appearing-to some extent-to stem from varying understandings of 'risk' and 'uncertainty'. Several agronomists argued that farmers won't adopt changes in the face of true uncertainty. They pointed out that farmers will only adapt once they have experienced some changes in climate-thus turning climate change into a risk rather than an uncertain factor. Most other experts, however, pointed to uncertainty as one of the biggest barriers to climate change adaptation. Uncertainty was thought to increase the risk that adaptation strategies-implemented now-may prove to be sub-optimal in the future (and possibly costly to rectify).
SUMMARY AND CONCLUSION
It is increasingly recognised that integrated research is needed to adequately address the limits and barriers to climate change adaptation. Most studies into agricultural adaptation have approached the problem from a single-disciplinary perspective. In this paper, we develop a conceptual model that brings together knowledge from biophysical and social sciences-to serve as an analytical tool for interdisciplinary research on limits and barriers to adaptation in agricultural systems.
The components included in the model reflect the common, integrative understanding of the interviewed experts. However, areas for further research remain. From a theoretical perspective, future research might focus on understanding the interactions between different limits and barriers. To test the applicability of the conceptual model, it is recommended that the model is applied to a practical setting to analyse adaptation options for farmers. From a practical R&D perspective, researchers can use the model to identify where to direct research efforts, so that limits and barriers to agricultural adaptation can be overcome. Experts particularly highlighted the importance of research and policies to focus on: (1) increasing the range of feasible adaptation strategies; (2) reducing limits to farmers' adaptive capacity; and (3) providing networks and information that can help farmers' overcome barriers to adopting novel technologies.
As a final note, it is worth mentioning that we observed a clear difference between how agronomic and social science experts viewed the interactions between research and farming communities. Agronomy experts had a relatively top-down view, where scientific results would be communicated to farmers through extension officers. They therefore suggested that policies should focus on improving the quality of extension, if we want to improve farmers' knowledge about climate change. Social scientists, on the other hand, advocated a more bottom-up approach of qualitative social research with farmers and communities (Kalaugher et al., 2013) . In this bottom-up view, policies should focus on developing a broad civil society where governments, researchers, and local communities interact. The social scientists held the view that the only way that policy makers can hope to change individual's perceptions of climate change, and subsequent adaptive responses, is to assist rural communities in taking ownership of scientific research and development.
